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I . INTRODUCTION 
Because of t h e  inc reas ing  i n t e r e s t  i n  g l a s s  W a n s i t i o n  mea- 
surements and i n  improved methods  of d e t e c t i n g  them, measurements 
of length- temperature  curves  for  s e v e r a l  polymers and mixtures  
of t w o  of these were made a t  l o w  temperatures .  Polymers s t u d i e d  
inc lude  polye thylene ,  polypropylene and their  mixtures  and copoly- 
m e r s ,  polyurethanes and polystyrene.  
A gene ra l  object of t h i s  work w a s  t o  a s c e r t a i n  i f  t r a n s i -  
t i o n s  other than  t h e  main g l a s s  t r a n s i t i o n  temperature  e x i s t  which 
can be detected by means of  length-temperature measurements. I f  
so, w e  wanted t o  determine t h e  l o c a t i o n  and magnitude of the  cor- 
responding changes of the  l inear expansion c o e f f i c i e n t s  i n  t he  
range of +20 t o  -185OC. For the m o s t  p a r t ,  m u l t i p l e  g l a s s y  t r a n s i -  
t i o n s  have been p rev ious ly  i n v e s t i g a t e d  by dynamic methods. More 
specific o b j e c t i v e s  were: 
1. To compare t h e  loca t ion  and magnitude of any t r a n s i t i o n s  
noted i n  pure polyethylene and pure polypropylene w i t h  those 
found i n  their  mixtures  and copolymer, i nc lud ing  t h e  p o s s i b i l i t y  
of t r a n s i t i o n s  n o t  found i n  e i t h e r  pure polymer. From t h i s  an 
understanding of t h e  r e l a t i o n s h i p  of t h e  p r o p e r t i e s  of t h e  mix- 
t u r e s  of t w o  species and of t h e i r  copolymers to t h e  properties of 
the indiviciuai  species might be obt=incd= 
2. To determine t h e  p re sen t  p r a c t i c a l  l i m i t a t i o n s  o f  length-  
temperature  measurements f o r  f i n d i n g  t h e  l o c a t i o n s  an6 magnitiiGes 
of g l a s s y  t r a n s i t i o n s .  This would inc lude  both r e p e a t a b i l i t y  of 
t h e  length- temperature  d a t a  and the  a v a i l a b l e  methods f o r  analyz- 
i n g  t h e  data. 
-2- 
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3 To compare the resu l t s  of length-temperature measurements 
on locat ion and magnitude of g lassy  t rans i t ions  with those using 
other techniques 
4 .  To determine the e f f e c t  of thermal h i s tory  on polyethy- 
lene properties  
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11. Experimental  
A. Mate r i a l s  
The polymer samples s t u d i e d  are listed i n  Table 1 below. A d d i -  
t i o n a l  detai ls  on t h e i r  composition are given i n  Reference (1). 
Sample 
Table I 
Run Number 
1 
2 
A 
B 
C 
D 
J 
K 
L 
M 1 5  (e) 
Polymer 
Mobay Sample 
Polyurethane Sample III- 
Polystyrene (b) 
U-46-08 (a) 
Polypropylene (see Table I1 
Mixtures of Polypropylene 
s t u d i e d  i n  Runs 4 and 5 
w i t h  Polyethylene of Run 1 2  
(See Table 11) 
Polyethylene (see Table 11) 
Non-crys ta l l ine  random co- 
polymer of e thy lene  and 
propylene (see Table 11) 
Polyethylene tes t  sample 
prepared by machining w i t h -  
o u t  h e a t i n g  o r  annea l ing  
of polymer 
Same polyethylene polymer 
as Run 1 4 ,  b u t  test  sample 
prepared by c a s t i n g  
prepared a t  t h e  J e t  Propulsion Laboratory,  C a l i f o r n i a  I n s t i t u t e  
-e m--x....,iA-.. U L  A G L l l A L U A w y y  0 
prepared a t  t h e  Nat ional  Bureau of Standards,  Sample 706 ( w i t h  
broad molecular weight d i s t r i b u t i o n )  . 
prepared by D r .  E.G. Kontos ,  Naugatuck C h e m i c a l  Company. 
a l l  mixture samples were prepared from the  polyethylene (Sample J) 
and polypropylene (Sample D)  by D r .  E.G. Kontos. The procedure 
c o n s i s t e d  of coagulat ion i n  a 50/50 mixture of methanol and iso- 
propanol ,  con ta in ing  a small amzunt of s t a b i l i z e r ,  and dry ing  
under vacuum for  1 2  hours a t  6 5  C. 
prepared by Union Carbide and Carbon Company. 
-4- 
T a b l e  I1 
Run Polymer Molar* C r y s t a l l i n i t y *  Densi ty  g / m l *  
- Number Designation Polymer Composition % by x-ray a t  2 5  C 
%PE -%PE %PP - -%PP 
4 , 5  D Polypropy- 1 0 0  0 1 8  0 - 8 7 1  
-
l ene  
6 E PP-PE mix- 91 9 1 6  8 .870  
t u r e  
7 F PP-PE mix- 68 32 13 14 . 879 
t u r e  
8,9 G PP-PE mix- 52 48 1 2  23 -888  
t u r e  
1 0  H PP-PE mix- 36 64  1 0  28 -897  
t u r e  
11 I PP-PE mix- 12 88 6 42 0 9 0 6  
t u r e  
1 2  J Polye thy- 0 100 0 54 -929 
l e n e  
13 K Copolymer 50 50 0 0 - 0 5 4  
PP-PE 
* Data ob ta ined  from Dr. Kontos, Naugatuck Chemical Company 
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11. B. Procedures 
I 
I ”  
The p repa ra t ion  of test  specimens, d e s c r i p t i o n  of t h e  Linear  
Voltage D i f f e r e n t i a l  Transformer (Phys ica l  Sciences Transducer*) 
and the rest of the  test  apparatus  and the’ tes t  procedure are 
described i n  detail  i n  References 1 and 2. Sample s i z e s  w e r e  
about  14 inches  long and Jtj inch i n  diameter. 
The LVDT w a s  calibrated w i t h  a micrometer which could  be 
read to  0.0001 inches.  LVDT ou tpu t  could be read t o  0 ,001  m i l l i -  
vol ts  w i t h  a poten t iometer ,  
e q u i v a l e n t  t o  about 1.000 m i l l i v o l t s  for  a l l  b u t  t h e  polys tyrene  
run where the  s e n s i t i v i t y  was doubled. The average d e v i a t i o n  
A l eng th  change of 0.0050 inches  w a s  
from l i n e a r i t y  w a s  about  f3.0%. 
The test runs reported h e r e  were performed by coo l ing  the  
samples from room temperature to about -185OC by t h e  s l o w  i n t r o -  
duc t ion  of l i q u i d  n i t r o g e n  over a period of about  7 hours.  The 
o u t p u t  l eng th  vo l t age  from t h e  LVDT and t h e  thermocouple vo l t ages  
w e r e  read by a potent iometer  t o  0.001 mi l l i vo l t  and w e r e  recorded 
manually t o  avoid any recorder  error. Readings of the  o u t p u t  of 
a copper-constantan thermocouple w e r e  taken a t  i n t e r v a l s  of 0 . O S 0  
m i l l i v o l t s  corresponding t o  temperature i n t e r v a l s  of about 1.2OC 
a t  room temperature  and 2,8OC a t  -185OC. 
were g e n e r a l l y  greater than  0.040 mv (0.0002 i n c h e s ) .  I n  t h e  ana l -  
y s i s  of t h e  data, t he  use of a l t e r n a t e  p o i n t s  ( . l o 0  mv thermocouple 
LVDT o u t p u t  d i f f e r e n c e s  
o u t p u t  in te rva ls )  gave szccther results (see Sec t ion  111). Thus, 
t h e  minimum leng th  d i f f e r e n c e  used i n  t he  data a n a l y s i s  w a s  0.0004 
inches .  
*Phys ica l  Sciences Corp. 
314 E a s t  Live Oak Avenue 
Arcadia, C a l i f o r n i a  
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111. Analysis  of Data 
A. Analysis  Techniques 
Most of t he  previous da t a  of t h i s  t ype ,  i .e.,  l eng th  or  volume 
vs. temperature  or  specific hea t  vs, temperature ,  have been ana- 
lyzed by pass ing  a series of s t r a igh t  l i n e s  through t h e  data and 
u t i l i z i n g  the slopes and i n t e r s e c t i o n s  of t h e  l i n e s  fo r  any f u r -  
t h e r  c a l c u l a t i o n s .  
T h i s  procedure does n o t  g ive  c l e a n  c u t  r e s u l t s  as d i f f e r e n t  
observers may f i t  the  d a t a  i n  d i f f e r e n t  ways. Furthermore,  i n  
some cases, t h e  slopes are near ly  equa l  above and below t h e  sus- 
pected t r a n s i t i o n  reg ion ,  and a minor change i n  t he  p o s i t i o n i n g  
of a l i n e  can have a major effect on the  p o s i t i o n s  of i ts  i n t e r -  
s e c t i o n s  as w e l l  as on i ts  slope.  T h i s  w i l l  be p a r t i c u l a r l y  t r u e  
i n  t he  case of apparent ly  "weak" t r a n s i t i o n s .  
An example of t h i s  procedure is shown i n  F igure  1 (Run 1) 
where LVDT vo l t age  which i s  p ropor t iona l  t o  l eng th  i s  p l o t t e d  
a g a i n s t  temperature for  a polyurethane sample. It appears t h a t  
t h e  data can be best f i t t e d  wi th  three l i n e a r  r eg ions ,  i n d i c a t i n g  
t w o  t r a n s i t i o n s .  
I n  order to  o b t a i n  the  d e r i v a t i v e  of t h e  length-temperature 
d a t a  d i r e c t l y ,  a moving arc method w a s  selected. T h i s  y i e l d s  a 
mre a c c u r a t e  measure of the changes i n  slopes as a func t ion  of 
temperature .  T h i s  method ( 3 )  is  based on f i t t i n g  local data p o i n t s  
w i t h  least  square p o ~ g z c ~ ~ ~ c l s  and can be used convenient ly  on any 
data equispaced i n  one va r i ab le .  The arc i s  moved through a l l  of 
t h e  data t o  o b t a i n  midpoint slopes a t  a l l  b u t  t h e  l as t  f e w  p o i n t s  
a t  each end. The l a t t e r  are ob ta ined  by a s imilar  procedure. 
-7- 
Resu l t s  us ing  this procedure on t h e  data for Run 1 are shown 
i n  Figure 2 where 1 -(-I= dL a' i s  plot ted a g a i n s t  temperature.  
Tangents t o  the  curves were drawn on both sides of d iscont inuous  
s e c t i o n s  which appear t o  be t r a n s i t i o n s .  
slope was determined by eye and w a s  t aken  as t h e  t r a n s i t i o n  
temperature.  
t h a t  temperature  w a s  t aken  as the  change i n  a '  or  Aa'. Vertical  
arrows on Figures  2 and 5-15 indicate apparent  t r a n s i t i o n s .  
Lo dT 
The p o i n t  of maximum 
The d i f f e r e n c e  i n  t he  he ight  of the  t w o  t angen t s  a t  
Comparisons of t h i s  technique w i t h  t h a t  described earlier 
for the  data of Run 1 are shown below: 
Comparison of Methods of Data Analysis  
Table I11 
T r a n s i t i o n *  Direct Graphical Method Sloping Method 
Designat ion Figure 1 Figure 2 
TG -46OC -46'C 
-_- -92'C a Tg'g 
Tg,g b -132 -137 
(4a )  has reviewed t h e  l i t e r a t u r e  on g l a s s y  t r a n s i t i o n s  i n  Boyer * 
high polymers and has o f f e r e d  t h e  fo l lowing  proposals for desig- 
n a t i n g  t r a n s i t i o n s  i n  polymers i n  which m u l t i p l e  t r a n s i t i o n s  occur  
i n  the ran.;= cf i ~ t e r e s t  h e r e .  
TG, t h e  g l a s s  t r a n s i t i o n  temperature. C l a s s i f i c a t i o n  I V  o r  6 
refers t o  subgroup t r a n s i t i o n s  below TG. 
s u p e r s c r i p t  le t ter  would then refer t o  p a r t i c u l a r  sub-group motions. 
T r a n s i t i o n s  between TG and TM are classified I1 or  B and des igna ted  
T fo r  l i q u i d - l i q u i d  t r a n s i t i o n s .  
C l a s s i f i c a t i o n  111 or  y refers t o  
--t W A  LL 11 GpFrGFrizte 
%,g 
d? 
-8- 
The r e s u l t s  ob ta ined  for  TG where t h e  change i n  slope is 
large, are close for  t h e  t w o  procedures.  For Tg,:, where t h e  
s l o p e s  are almost the  same, there i s  considerable u n c e r t a i n t y  
as to t h e  correct temperature us ing  the  direct g r a p h i c a l  method. 
The apparent  t r a n s i t i o n  a t  -92'C seen  on F igure  2 is  n o t  predict- 
able from F i g u r e  1. 
A f t e r  t r i a l  c a l c u l a t i o n s  us ing  5-point cub ic s ,  7-point cub ic s ,  
5-point parabolas  and 7-point parabolas  for the  c a l c u l a t i o n  of t h e  
d e r i v a t i v e s ,  t he  7-point parabola  was selected. The cubics and, 
t o  a lesser e x t e n t ,  t h e  5-point parabolas  a r e  q u i t e  s e n s i t i v e  to  
minor v a r i a t i o n s  i n  t h e  d a t a  whereas 7-point parabolas give smooth- 
er d e r i v a t i v e  func t ions .  The use of a s t i l l  larger sample, e.g., 
9 p o i n t s ,  i n  t he  moving a r c  would reduce t h e  s e n s i t i v i t y  of the 
method. 
The equat ion  f o r  the s lope  of the  midpoint of a least squares 
parabola  through 7 equispaced p o i n t s  i s  (3 ) :  
C3Ayl + SAY2 + 6Ay3 + 6Ay4 + 5 6 ~ 5  + 3AY6 1 
m4 = '280 
for 1 ~ 1 1 1 6  
Ax = increment i n  x d i rec t ion  
E s t i m a t e s  of t h e  s l o p e s  of t h e  l a s t  3 p o i n t s  a t  t h e  ends of the 
curves  a r e  obta ined  from ( 3 ) :  
-_ 1 ".A = 139Ayl + 45Ay2 + 3oAy3 + 6Ay4 - 15Ays - 21AY61 84 ( A X j  
-9 - 
1 'rn) rn6 = + 1OAy3  + 
The f u r t h e r  t h e  p o i n t  from t h e  c e n t e r  of t h e  a r c ,  t h e  less reli- 
able i s  the  estimate of t h e  s lope  a t  t h a t  po in t .  
The r a w  d a t a  analyzed were o u t p u t  vo l t ages  of t h e  LVDT, i n d i -  
c a t i n g  l eng th ,  vs ,  thermocouple v o l t a g e s ,  i n d i c a t i n g  temperature.  
Changes i n  LVDT vo l t age  a r e  d i r e c t l y  p r o p o r t i o n a l  t o  changes i n  
t h e  sample length .  
age and temperature i s  non-linear,  
correspond t o  2,5OC a t  room temperature and 5.6OC a t  -185OC, gen- 
e r a l l y  t h e  l o w  temperature  l i m i t .  Over 60 data p o i n t s  w e r e  re- 
q u i r e d  t o  cover t h i s  range. 
vol tage- temperature  func t ion  w e r e  computed us ing  a 5-point moving 
arc parabola  method. 
t he  modified l i n e a r  expansion c o e f f i c i e n t ,  a', can be computed: 
The r e l a t i o n  between thermocouple o u t p u t  volt- 
Increments o f  0 .1  mi l l ivo l t s  
Der iva t ives  of the  thermocouple o u t p u t  
From t h i s  and the  s l o p e  of  the o u t p u t  vo l t ages ,  
1 dL c ( ~ E L V D T  a EThermocouple 
LO (m) = - Lo aEThermocouple ( a T  3 - 
where 
L = sample l eng th  
Lo = i n i t i a l  sample length  a t  room temperature  
C 
T = temperature ,  OC 
( i n  most 
cases above Tq) 
o u t p u t  of t h e  LVDT and t h e  change i n  sample l eng th  
= p r o p o r t i o n a l i t y  factor between the  change i n  EMF 
I f  t h e  l i n e a r  expansion coefficient i s  assumed equa l  t o  one t h i r d  
t h e  volume expansion c o e f f i c i e n t ,  a, then a '  i s  c l o s e l y  equa l  t o  
a / 3 .  I t  differs from a / 3  only  i n  t h a t  Lo w a s  n o t  corrected f o r  
-10- 
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t h e  decrease i n  sample length  a t  l o w  temperatures .  Thus a' = a / 3  
a t  room temperature  b u t  may be as much a s  2 %  lower t h a n  a / 3  a t  
t h e  lowest temperature  ( - 1 8 S o C ) .  
Although data were a v a i l a b l e  i n  thermocouple ou tpu t  i nc re -  
ments of 0.050 mi l l ivo l t s ,  t h e  use of a l t e r n a t e  p o i n t s  (0.100 
m i l l i v o l t  increments) smooths t he  ou tpu t  slopes, and t h i s  i nc re -  
ment was used i n  a l l  ca lcu la t ions .  Figure 3 shows t h e  smoothing 
e f f e c t  of us ing  a l t e r n a t e  temperature readings on a polypropy- 
l ene  sample (Run 4 ) .  
The i n i t i a l  computations w e r e  performed on a desk c a l c u l a t o r .  
A f t e r  procedures were s tandard ized ,  it took about 3 hours t o  ana- 
l y z e  and p l o t  t h e  d a t a  f o r  a s i n g l e  run. Later the  procedure w a s  
programmed i n  For t r an  11, and an IBM 1 6 2 0  Model 2 computer w a s  
used. The program (CNZ001) , i n c l u d i n g  s e v e r a l  o p t i o n a l  subrou- 
t i n e s ,  is on f i l e  a t  the Univers i ty  of Missouri  a t  Rolla. 
An examination of t h e  p l o t s  of t h e  raw d a t a  showed d i scon t in -  
u i t i e s  i n  s e v e r a l  runs. These were of three types :  
1. The i n i t i a l  p o i n t  i n  a new s l o p e  section of t he  curve: 
2.  A series of new points p a r a l l e l  t o  the  o r i g i n a l  s e c t i o n  
of t h e  curve,  t h e  p o i n t  of  d i s c o n t i n u i t y  i n d i c a t i n g  either a 
human or  an instrument  e r ro r :  
3. A series of new po in t s  s h i f t e d  from the o r i g i n a l  section 
of t h e  curve which d r i f t  back s e v e r a l  p o i n t s  la ter  t o  r e j o i n  the  
origiiial ~ s c t i ~ : :  sf the curve. 
Whenever t h e  f i rs t  or second cases occurred,  the data p o i n t s  
were "broken" a t  t he  p o i n t  of d i s c o n t i n u i t y .  Ex t r apo la t ions  of 
t h e  preceding and succeeding data were used t o  estimate the  va lues  
of  a' on both sides of the break. I n  cases of t h e  f i r s t  type ,  the  
-11- 
c 
d i s c o n t i n u i t y  was t h e  s t a r t  of a new l e v e l  of a '  va lues ,  and 
breaking  "sharpened up" t h e  t r a n s i t i o n  p o i n t .  I n  cases of the  
second type ,  reduct ions  i n  erratic behavior  of a '  vs.  T were 
obtained.  A l l  p o i n t s  where breaks were made a r e  shown on t h e  
a' vs.  T graphs w i t h  z igzag l i n e s .  Breaking could be accom- 
p l i s h e d  up t o  5 t i m e  through an o p t i o n a l  sub-rout ine i n  t h e  com- 
p u t e r  program. No breaks were made i n  cases  of t h e  t h i r d  type 
of d i s c o n t i n u i t y  i n  which t h e  d a t a  d r i f t e d  back. Here t h e  
smoothing techniques described below were h e l p f u l  i n  smoothing 
o u t  e r r a t i c  da t a .  
The computer program a l s o  included a d a t a  smoothing sub-rou- 
t i n e  which could be repeated on t h e  r a w  d a t a  n t i m e s  before slop- 
ing .  T h i s  was p a r t i c u l a r l y  use fu l  fo r  smoothing d i s c o n t i n u i t i e s  
of the  t h i r d  type described above and also f o r  damping o u t  minor  
wiggles  i n  the a '  vs. T curves,  
The smoothing technique is  based on a l e a s t  squares  ortho- 
gonal  polynomial method,, Considerable smoothing occurs  up t o  n 
of about  4 e  Beyond t h i s ,  the  changes a r e  g e n e r a l l y  small a s  may 
be noted  from Figure 4 which shows a comparison of 0 ,  4 and 1 0  
smoothings for  the  polypropylene samples (Run 5 ) .  Hence, a l l  of 
these data w e r e  smoothed four t i m e s  before s lop ing .  Excessive 
s ~ ~ ~ t h i n g  caul d "smear out" a sha rp  change i n  a ' . However, t h i s  
is  m o s t  l i k e l y  t o  occur  a t  a d i s c o n t i n u i t y  of t h e  first type. 
The d a t a  were broken ai; lL--- L I ~ O O G  ---;-+c y w r A . C Y *c AecPribed _ _ _ _ _  above, and 
smoothing would have no "smearing o u t "  tendencies  . 
-12- 
111. B. R e l i a b i l i t y  of  Resul ts  
I n  v i r t u a l l y  a l l  runs,  data above about  O°C are errat ic  
and i n c o n s i s t e n t  w i t h  t h e  ad jo in ing  region.  T h i s  is  be l i eved  
t o  be due t o  i n s t a b i l i t i e s  i n  t he  equipment which reached e q u i l i -  
brium after t h e  run had progressed. Longer hold t i m e s  a t  ro6m 
temperature  were n o t  success fu l  i n  e l i m i n a t i n g  t h e  errat ic  re- 
s u l t s  and they  were gene ra l ly  d iscounted  i n  drawing conclus ions  
about  t h e  r e s u l t s .  
One test  of t h e  r e l i a b i l i t y  of t h e  r e s u l t s  is  a comparison 
of these data w i t h  dilatometric r e s u l t s  reported earlier. Poly- 
s t y r e n e  (Run 3) has  no detectable t r a n s i t i o n s  i n  t h e  temperature  
range of these experiments as seen  i n  F igure  6.  The va lue  of a' 
a t  O°C is  about 0 .7  x 10'4which i s  close t o  ( a / 3 )  = 0.6/OC. x l o o 4  
below T 
show t h e  same g e n e r a l  shape a s  t h a t  of Martin,  Rogers and 
Mandelkern(5). 
i n  both sets o f  r e s u l t s .  
estimated from an equat ion  given by Boyer ( 4 b ) .  The data 
9' 
A small change i n  s l o p e  occurs  a t  about -140OC 
The data fo r  the two polyurethane samples (Run 1, Figure  2 
and Run 2 ,  F igure  5 )  show g l a s s  t r a n s i t i o n s  a t  -46 and -54OC, 
close t o  t h e  va lue  of -6OOC quoted by Simha and Boyer (6) for  a 
polyurethane. 
Another test is t h e  r e p e a t a b i l i t y  of r e s u l t s  ob ta ined  on 
the  same sample. Two examples of t h i s  are shown. F igure  7 shows 
repeat runs on polypropylene, sampie D iiiiiiis 4 and 5 ! ,  and 
F igure  1 0  repeat runs on Sample G ,  a polypropylene-polyethylene 
mixture  (Runs 8 and 9 )  . 
Runs 4 and 5 show genera l  paral le l ism or  over lapping  through- 
o u t  m o s t  of the  range below O°C except  between -115 t o  -15OoC 
where Run 5 shows a hump. T h i s  w a s  caused by a d i s c o n t i n u i t y  i n  
-13- 
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t h e  d a t a  for  t h i s  run and the r e s u l t s  fo r  Run 4 are more r e l i a b l e  
i n  t h i s  region and i n d i c a t e  a t r a n s i t i o n  a t  -126OC. The l o c a t i o n  
of  t he  major t r a n s i t i o n ,  TG, is v i r t u a l l y  i d e n t i c a l  i n  the  t w o  
runs . 
Runs 8 and 9 e x h i b i t  a b h u t  t h e  same l e v e l  of r e p e a t i b i l i t y .  
Again, the  major t r a n s i t i o n  ttemperature i s  i d e n t i c a l  on the  two 
sets of da ta .  S m a l l  d iscrepancies  i n  t h e  va lues  of a' occur a t  
lower temperatures.  However, the apparent  l o c a t i o n s  of  t h e  lower 
t r a n s i t i o n  d i f f e r  by about 15OC. 
A t h i r d  tes t  is t h e  i n t e r n a l  consis tency of t h e  r e s u l t s .  I n  
gene ra l  it w a s  good, b u t  discrepancies  i n  t he  form of humps, dips 
and d i s c o n t i n u i t i e s  did appear. The smoothings and breaks i n  the 
numerical a n a l y s i s  minimized these effects b u t  d id  n o t  e l i m i n a t e  
a l l  of  t h e m  as can be seen from the  curves.  W e  believe t h a t  foe 
t h e  m o s t  p a r t ,  they  were caused by i n s t a b i l i t i e s  i n  the  apparatus .  
-14-  
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IV.  Discussion of Resu l t s  
A. Mult ip le  T r a n s i t i o n s  i n  S i n g l e  Component Systems 
1 dL Plots  of - vs temperature a r e  shown i n  F igures  2 ,  5,  
LO 
6 ,  7,  1 3 ,  1 4 ,  and 1 5  for  Runs 1, 2 ,  3, 4 ,  5 ,  1 2 ,  13,  1 4 ,  and 15, 
the single-component polymer samples. I n  most cases more than  
one t r a n s i t i o n  appears  t o  be p resen t  i n  t h e  range of temperatures  
s tud ied .  Tabulat ions of  temperatures of t r a n s i t i o n s ,  va lues  of 
a' above t h e  t r a n s i t i o n s ,  Aa' and $' are given i n  Table IV. 
noted above, errat ic  f l u c t u a t i o n s  i n  the  data for many of t h e  
runs i n  t he  0 t o  20'C range are probably due t o  s e t t l i n g  o r  e q u i l -  
ib r ium of the  system a t  t h e  s t a r t  of the runs and are n o t  believed 
to  be s i g n i f i c a n t ,  
As 
For the polyurethanes,  t h e r e  appear  t o  be three t r a n s i t i o n s  
fo r  Sample A (Run 1, Fig. 2 )  and t w o  for  Sample B (Run 2 ,  F ig .  5 ) .  
A d i s c o n t i n u i t y  and erratic da ta  were obta ined  for t h e  l a t t e r  
i n  t h e  -60 t o  -110'C range ( d r i f t i n g  i n  the  thermocouple readings  
w a s  noted by t h e  o p e r a t o r )  , Thus, t h e  l o c a t i o n  of the  second 
t r a n s i t i o n  a t  -109'C i s  only  a rough estimate and there is a 
p o s s i b i l i t y  t h a t  t h e  presence of a t h i r d  t r a n s i t i o n  has been 
masked. 
The data for  polys tyrene  (Sample C,  Run 3,  Fig. 6 )  do n o t  
show a d e f i n i t e  t r a n s i t i o n  i n  t h i s  range. However, as noted 
earlier, there is a drop i n  t h e  a' values  nea r  -i40°C, an8 a 
similar change i n  slope can be observed i n  t h e  data from Refer- 
ence 5 .  Illers claims t o  have observed a t r a n s i t i o n  i n  polysty-  
rene a t  about  t h i s  temperature us ing  a dynamic test  method ( 7 ) .  
Polypropylene (Sample D,  Runs 4 and 5,  Fig. 7)  shows a TG 
of -13 or  -14'C which is  c lose  t o  t h e  va lue  of -18'C reported 
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IV. A. (Continued) 
by Reding ( 8 )  and by Manaresi and Giannel la  ( 9 )  , and -15'C 
reported by Kontos and Slichter ( l o ) ,  a l l  us ing  d i la tomet ry .  
The d i f f e r e n c e  i n  a ' ,  the  l i n e a r  expansion c o e f f i c i e n t ,  above 
and below TG, is  about  1 x 
propylene sample. 
f o r  Aa, t h e  change i n  volumetric expansion c o e f f i c i e n t ,  reported 
by Manaresi and Giane l l a  (9) f o r  100% amorphous polypropylene 
(see also 1V.B.  1 .  
0C-l f o r  this 82% amorphous poly- 
T h i s  compares w i t h  a va lue  of 4 x 10'40C-1 
The data of Run 4 a l s o  sugges t  another  t r a n s i t i o n  a t  about 
-126'C. 
a t  about  -12OoC gave a hump i n  t h e  a' va lues  i n  t h i s  reg ion  and 
the t r a n s i t i o n  could n o t  be v e r i f i e d .  Boyer (4C) sugges t s  a 
va lue  of -7O'C fo r  t h i s  t r a n s i t i o n  i n  polypropylene samples 
based on dynamic measurements of F locke  (11) . 
A d i s c o n t i n u i t y  i n  t h e  d a t a  fo r  Run 5 on the  same sample 
The three polyethylene samples tested (Samples J, L, and M, 
Runs 1 2 ,  1 4 ,  and 15 ,  Figs. 1 3  and 15) appeared t o  have t w o  t r an -  
s i t i o n s  i n  t he  range of 0 t o  -4OOC. To some e x t e n t ,  the  separa- 
t i o n  of these t w o  t r a n s i t i o n s  w a s  a r b i t r a r y  and a s i n g l e  larger 
t r a n s i t i o n  i n  t h i s  range c o u l d d s o  be pos tu l a t ed .  However, the  
p e r s i s t e n c e  of the  apparent  double hump i n  several runs on d i f -  
f e r e n t  samples s t r o n g l y  suggests t h a t  po lye thylene  has t w o  t r a n -  
s i t i o n s  i n  t h i s  range. The da t a  for  Sample J (Fig.  13)  also 
i n d i c a t e  a t r a n s i t i o n  a t  -126OC and possibly one a t  -62'C (shown 
as a dotted arrow). Sample L (Run 1 4 )  appears  t o  have t r a n s i t i o n s  
a t  -62 and -122OC. The d a t a  fo r  Sample M (Run 1 5 ) ,  which was cast 
from t h e  same polymer sample as L, had d i s c o n t i n u i t i e s  nea r  -67'C 
and -137'C, and no conclusions can be drawn about lower temperature  
-17- 
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t r a n s i t i o n s  i n  t h i s  sample. Because of t h i s ,  a comparison of 
t h e  effect  of h e a t  t rea tment  (Run 1 5  was c a s t  and Run 1 4  was 
machined t o  form t h e  t e s t  samples) can only be made i n  t h e  
h igh  and l o w  ranges.  
It is  worth no t ing  t h a t  e x t r a p o l a t i o n s  of dilatometric 
data of Kontos and Sch l i ch te r  and of Manaresi and G i a n e l l a  by 
Boyer (4b) on ethylene-propylene copolymers t o  100% e thy lene  g ive  
g l a s s  t r a n s i t i o n  temperatures of -87 and -83OC r e s p e c t i v e l y .  
Boyer (4d)  a l s o  shows t h a t  free volume concepts lead t o  an es t i -  
mate of -93OC for  TG. 
samples show a f a i r l y  r ap id  drop i n  a' values  sugges t ing  
A t  temperatures  below -160OC a l l  three 
ano the r  t r a n s i t i o n .  
T r a n s i t i o n s  i n  t h e  0 t o  -4OOC range i n  polyethylene have 
been a s c r i b e d  t o  branching (4e) and those i n  t h e  -122 t o  126OC 
range t o  sub-group motion (4e, 1 2 )  . Bohn ( 1 2 )  has  found t h a t  
t h e  t r a n s i t i o n  temperature i n  polyethylene around O°C i s  
lowered as branching inc reases  ( c r y s t a l l i n i t y  decreases) . S i m i -  
l a r  r e s u l t s  were obta ined  by Tanaka ( 1 3 ) .  The lower t r a n s i t i o n  
temperatures  found i n  t h i s  range for  Samples L and M compared 
wi th  J sugges t  t h a t  they  are more branched and presumably less 
c r y s t a l l i n e  than J ( 5 4 %  c r y s t a l l i n e )  . Furthermore, a t  temper- 
a t u r e s  above -14OoC,  a ' -values for  J a r e  cons iderably  lower than  
those fo r  L and M a s  expected for a more c r y s t a l l i n e  sample. The 
dif fsre~ces  hetween L and M i n  the  h iqh  and low temperature  re- 
g ions  are n o t  l a r g e  enough t o  draw meaningful conclus ions  about 
the  effects of h e a t  t r e a t m e n t  on c r y s t a l l i n i t y ,  b u t  t he  lower 
level of a' f o r  t h e  c a s t  sample throughout m o s t  of t h e  tempera- 
t u r e  range could mean t h a t  c r y s t a l l i n i t y  is  increased by c a s t i n g .  
-1 8- .: 
The 50 : 50 propylene-ethylene copolymer (Sample K, Run 13,  
Fig. 1 4 )  gave errat ic  r e s u l t s  above - 4 O O C  b u t  shows a major t r an -  
s i t i o n  a t  -61OC. Kontos and S c h l i c h t e r  (lo), us ing  d i l a tome t ry ,  
reported a TG value  of -58OC fo r  t h i s  composition, and Manaresi 
and Gianne l l a ' s  r e s u l t s  on o the r  copolymer compositions ( 9 )  pre- 
d i c t  a va lue  of  -57OC.  
t h e  change is small and it is ques t ionable  as t o  whether t h i s  
i s  a t r a n s i t i o n .  
The errat ic  r e s u l t s  ob ta ined  here above -4OOC are believed due, 
a t  least  i n  p a r t ,  t o  t rapped  stresses i n  t h e  sample. S imi l a r  
f l u c t u a t i n g  r e s u l t s  were obtained i n  t h i s  temperature  range on 
several o t h e r  runs us ing  a less s e n s i t i v e  LVDT ( 2 ) .  
B e l o w  -120°C, a ' -values  drop again b u t  
A f u r t h e r  drop i n  a' begins  a t  about - 1 5 O O C .  
-19- 
I V .  B. The E f f e c t  of Physical  Mixtures of Polyethylene and 
Polypropylene on Glassy Trans i t i ons .  
F igures  7 t o  13 show t h e  l i n e a r  e x p a n s i v i t i e s ,  a', f o r  Runs 
4 t o  1 2  fo r  a series of mixtures of polypropylene and polyethylene 
des igna ted  D ,  E, F, G ,  H ,  I and J. T h e  p e r  c e n t  amorphous poly- 
e thy lene  and polypropylene i n  t h e  mixtures were ob ta ined  from 
x-ray a n a l y s i s  of  c r y s t a l l i n i t y  by D r .  Kontos of  t h e  Naugatuck 
Chemical Company. These d a t a  and sample p repa ra t ion  information 
are summarized i n  Tables I and 11. Tabulat ions of temperatures  
Aa' of t r a n s i t i o n s ,  va lues  of a '  above t h e  t r a n s i t i o n s ,  Aa' and - a' 
are given i n  Table IV. 
I n  a l l  of t h e  samples except  J which i s  100% polyethylene,  
a major t r a n s i t i o n  occurred i n  the  range of  -9 t o  -14OC and t h e  
magnitude of  t h e  change i n  t h e  l i n e a r  expansion c o e f f i c i e n t ,  Aa', 
a t  t h i s  t r a n s i t i o n  decreased with i n c r e a s i n g  polyethylene conten t .  
However, t h e  ra t io  of Aa'/a'Q diminished more slowly as a ' Q ,  the  
l i n e a r  expansion c o e f f i c i e n t  j u s t  above the  t r a n s i t i o n ,  also 
decreased wi th  i n c r e a s i n g  polyethylene con ten t  . 
I t  should also be noted from Figure 1 2  t h a t  data fo r  Sample I 
( 8 8 %  PE) are similar i n  shape t o  those  of Sample J (100% PE) sug- 
g e s t i n g  t h e  p o s s i b i l i t y  of t r a n s i t i o n s  below -3OOC and -6OOC. 
However, t h e  apparent  t r a n s i t i o n s  were so s m a l l  t h a t  t hey  were 
n o t  shown i n  Table IV.  
Est imztes  ef t h e  value r\f A = '  fr\r Inn% smnrphniIn Folypropy- 
l e n e  i n  t h e  temperature range of 0 t o  -15OC w e r e  made from t h e  
r e s u l t s  on each sample conta in ing  polye thylene ,  and t h e  ca l cu la -  
t i o n s  are summarized i n  Table V. The c o n t r i b u t i o n s  by amorphous 
-20- 
Table V 
Estimation of Aa' for  100% Amorphous Polypropylene 
% Amorphous * Aa' **Aa' 
Sample Run No. PE PP x 1 0 4 , ~ ~ - 1  x 1 0 4 , O c - ~  
4 0 82 1.01 1.01 
5 0 82 1.07 1.07 D 
E 6 1 75 0.90 0.90 
F 7 18 55 0.79 0.75 
8 25 40 0.77 0.72 
9 25 40 0.62 0.57 G 
H 10 36 26 0.40 0.32 
I 11 46 6 0.23 0.13 
J 1 2  46 0 0.10 --- 
Estimated 
Aa' x l o 4  
100% PP 
1.23 
1.30 
1.20 
1.36 
1.80 
1.42 
1.23 
2.17 
--- 
* T r a n s i t i o n  i n  range 0 t o  -15OC. 
** Adjusted Aa', reduced by cont r ibu t ion  of amorphous PE i n  t h i s  
same temperature range. Correction is  based on data for  
Sample J. 
= (0.00217 x . ( %  amorphous PE) 
-21- 
polyethylene and amorphous polypropylene p r e s e n t  i n  each sample 
were assumed t o  be a d d i t i v e ,  and the  measured va lue  of Aa' w a s  
reduced by t h e  former. The estimated va lue  of Aa' f o r  100% 
amorphous polypropylene w a s  then obta ined  by d iv id ing  t h e  ad- 
j u s t e d  ha' (called A c t " )  f o r  each sample by t h e  f r a c t i o n  of  
amorphous polypropylene present .  
The most reliable es t imates  are for  Samples D ,  E and F with  
high amorphous polypropylene a n d . 1 0 ~  amorphous polyethylene con- 
t e n t s  a s  t h e  c o r r e c t i o n  t e r m  is smallest here and t h e  r e s u l t s  
are less s e n s i t i v e  t o  small errors i n  t h e  ana lyses  of p e r  c e n t  
amorphous polypropylene. These va lues  of Aa' average about  
1 .3  x 
( 9 )  measured va lue  o f  4 x 10'40C'' f o r  A a ,  t h e  change i n  t h e  vol- 
OC-', which is a c lose  check on Manaresi and Gianne l l a ' s  
umetr ic  expansion c o e f f i c i e n t ,  which w a s  determined dilatometric- 
a l l y  on amorphous polypropylene. 
I f  t h e  c o r r e c t i o n  also included t h e  Aa' value  of  0.09 f o r  
polyethylene (-23OC t r a n s i t i o n )  , t he  estimates of  Aa' f o r  poly- 
propylene from Samples G ,  H and I would be lowered, b u t  t h e  effect 
on t h e  estimates from Samples D ,  E and F would be small. 
I n  m o s t  of the  same samples, a much smaller t r a n s i t i o n  
appeared t o  be p r e s e n t  a t  -110 t o  -132'C. The magnitude of  t h e  
change i n  t h e  expansion c o e f f i c i e n t  he re  ranged from 4 t o  22% 
of t h e  h ighe r  temperature  t r a n s i t i o n .  E s t i m a t e s  of t r a n s i t i o n  
t e y e r = t c r e s  i n  t h i e  lower reqion are s u b j e c t  t o  larqer errors 
because of  t h e  smaller changes i n  slope. 
Run 4 on Sample D shows t h i s  t r a n s i t i o n  b u t  t h e  d i scon t in -  
u i t y  i n  t h e  data f o r  Run 5 on t h e  same sample a t  about -12OoC 
gave a hump i n  t h e  a' values  i n  t h i s  region and t h e  t r a n s i t i o n  
-22- 
\ 
could n o t  be v e r i f i e d .  The apparent  t r a n s i t i o n  i n  Sample F (Run 7 )  
w a s  so s m a l l  t h a t  it is ques t ionable  as t o  whether it is a c t u a l l y  
p re sen t .  It i s  t h e r e f o r e  shown as a dashed arrow i n  F igure  9 .  
The t r e n d  of the  data for Sample G i n  Run 8 sugges t  t h a t  
T h i s  i s  a l so  another  t r a n s i t i o n  may be p resen t  below -135OC.  
observed i n  Run 9 on Sample G b u t  a t  a lower temperature  (below 
-15OOC) , and on Samples H, I ,  and J which are the  h igh  polyethy- 
l e n e  c o n t e n t  samples, and a l s o  i n  t h e  copolymer sample. 
P lo ts  of t r a n s i t i o n  temperatures as a func t ion  of polyethy- 
l e n e  c o n t e n t  and of p e r  c e n t  amorphous polypropylene i n  t h e  mix- 
t u r e  are shown i n  Figure 1 6 .  The h igher  temperature  t r a n s i t i o n  
is  q u i t e  i n s e n s i t i v e  t o  polyethylene con ten t  u n t i l  100% polyethy- 
l e n e  (and t h e  double t r a n s i t i o n )  is  reached. The l o w  temperature  
(-110 t o  -132OC) t r a n s i t i o n  i s  also f a i r l y  i n s e n s i t i v e  t o  com- 
p o s i t i o n .  However, t h i s  relative independence of t r a n s i t i o n  
temperatures  w i t h  composition seems t o  occur  because the t r a n -  
s i t i o n s  of t he  t w o  polymers are so close t o  each other. There 
is  no evidence of any t r a n s i t i o n s  i n  t h e  mixtures  which are n o t  
found i n  t h e  pure polymers. 
-2 3- 
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